Previous studies either did not identify abrupt change or identified such change but did not exclude it from the detection of trend in streamflow. As a result, an overall downward trend might be erroneously detected as an upward trend because of abrupt increase, while an overall upward trend could be faked as a downward trend due to abrupt decrease. The objectives of this study were to: (1) present a methodology to analyze trend in streamflow in the presence of abrupt change; and (2) use this methodology to detect trend and extreme occurrence of streamflow in the Upper Balagaer River watershed, a mid-latitude nearly pristine precipitation-fed Eurasian steppe watershed in north China.
Usually, at least 15-25 years of systematic observations are needed to statistically characterize temporal patterns in streamflow (Mather ) . For example, using the conventional Mann-Kendall test technique (Mann ; Kendall ), Lins & Slack () examined streamflow trends in the USA. In that study, 395 hydro-climatic data network stations were selected and subdivided into six groups, respectively, with 30, 40, 50, 60, 70 , and 80 years records by 1993. Those authors found that the percentage of stations with significant increasing/decreasing trends were larger for the groups with record lengths of 40-70 years than for the groups with record lengths of 30-80 years. However, regardless of the groups, the test revealed that the 395 stations exhibited more increasing trends in the low to moderate flows but roughly equal upward and downward trends in high flows. Those authors concluded that overall, the USA appeared to be getting wetter but less extreme. Nevertheless, the predominant stations in the mid-latitude regions (e.g. northern Iowa) showed significant decreasing trends in flows at any magnitudes. Kundzewicz & Robson () and Khaliq et al. () overviewed methods for identifying trends in hydrologic series and concluded that for change detection at watershed scale, the non-parametric Mann-Kendall test with trendfree-pre-whitening (designated the modified Mann-Kendall test technique for description purposes) ( 
MATERIALS AND METHODS

Study area
The 2,896 km 2 upper portion of the Balagaer River watershed (Figure 1) Based on the long-term observations at West Ujimqin Climate Station 54012 (Figure 1 ), the UBRW receives 170-615 mm precipitation annually, with a mean of 335 mm. Most of the precipitation falls between July and September as rain, and between October and January as snow.
However, the watershed has an annual potential evapotranspiration (PET) of 1,165 mm or higher, which is much greater than the mean annual precipitation. Thus, the watershed has a semi-arid climatic condition (Wang et al. ) . April, May, October, and November are primarily generated by melting snow, while the streamflows in the months of June, July, and August are mainly generated by rainfall.
The three winter months of December, January, and
February are completely frozen and have a zero streamflow.
The major water users are animal husbandry, domestic, and power industry. Because of a very low population density (<5 people km -2 ) and small amount of water consumption, the UBRW is nearly pristine with negligible effects of human activities on hydrology. This is similar to the US watersheds studied by Lins & Slack () . flow, and one dataset of mean annual streamflow were generated. This study used these 13 datasets to examine abrupt change, trend, and occurrence of streamflow in the UBRW at annual, seasonal, and monthly time scales.
Data and preprocessing
Trend analysis approach Figure 2 shows the analysis approach proposed by, and used in, this study. For a given time series (i.e. dataset), the distri- 
where k ¼ 1, 2, …, N; and x median is the median of the time series.
The sign function is defined as:
At a significance level of α ¼ 0.05, the null hypothesis of no abrupt change will be rejected if a maximum or minimum value for V k exists and max 
T i is computed as:
where
The modified Mann-Kendall test takes autocorrelation into account (Hamed & Rao ) and is executed by seven sequential steps: (1) compute the Sen's slope of the time series using Equations (3) and (4); (2) (Equation (6)); (5) compute variance var Ã (S) (Equation (7)); (6) compute the conventional Mann-Kendall statistics of S (Equations (8) and (9)) (Mann ; Kendall ); and (7) compute the modified Mann-Kendall test statistics of Z* (Equation (10)).
If Z* is positive and greater than the standard normal percentile of 1-α ¼ 0.95, a statistically significant upward trend was detected. In contrast, if Z* is negative and smaller than the percentile of α ¼ 0.05, a statistically significant downward trend was detected. Otherwise, no significant trend was detected.
where N p is the number of distinct ties; and m p is the number of tied data points in pth tie.
The sequential Mann-Kendall method (Sneyers ) tests the null hypothesis that a stationary time series shows no beginning to develop a trend. It computes two statistics:
one is for the time series in progressive order (i.e. from the start to the end year), while another is for the time series in retrograde order (i.e. from the end to the start year).
When these two statistics are plotted versus year, the intersection between these two curves, from which onward one of these two statistics is either monotonically smaller or greater than another, is judged to be the beginning of the trend (Figure 3) . Otherwise, the trend is considered to continue throughout the entire period of the time series.
The progressive statistics, u(pt k ), k ¼ 1, 2, …, N-1, is computed as (Sneyers ):
where pt k is an asymptotically distributed random variable; E(pt k ) is the mean of pt k ; and var(pt k ) is the variance of pt k .
pt k is computed as:
where n j ¼ 1 if x j > x k while n j ¼ 0 otherwise. E(pt k ) is computed as:
var(pt k ) is computed as:
The retrograde statistics, u(rt k ), k ¼ N, N-1, …, 2, is computed as (Sneyers ):
where rt k is an asymptotically distributed random; E(rt k ) is the mean of rt k ; and var(rt k ) is the variance of rt k . rt k is computed as:
where n j ¼ 1 if x j > x k while n j ¼ 0 otherwise. E(rt k ) is computed as:
var(rt k ) is computed as:
Extreme occurrence analysis method
The dataset of mean annual streamflow was used to compute Subsequently, at the annual and seasonal scales, the percentages of days with streamflows either less than or greater than Q 50 were computed and assessed for any differences before and after an abrupt change year if any.
RESULTS
Abrupt change
The annual streamflow exhibited an abrupt change around 1994 (Figure 3(a) ), when V k has a maximum value of greater than the 95% confidence upper limit (13 versus 9.8). but the abrupt change in fall was almost as significant as that at annual scale, as indicated by the value of max{V k } for spring streamflow being larger than those for fall and annual streamflows while the value of max{V k } for fall streamflow is almost the same as that for annual streamflow.
Given these seasonal abrupt changes, the annual abrupt change was most likely caused by sudden decreases of snowmelt runoff in late spring and rainfall/snowmelt runoff in late fall. However, because significant abrupt changes occurred in April and May (late spring) and October and November (late fall) (Figure 3 (b) and 3(c)), it was judged that the change of snowmelt runoff contributed more to the annual abrupt change than the change of rain-generated runoff. As stated above, runoffs of the UBRW in these four months is mainly generated by melting snow.
Temporal trend
The significant abrupt changes were found to confound or fake the detected prior-1994 trends regardless of time scale, but did not influence the identification of post-1994 trends (Table 1) Unlike the abrupt changes, the significant post-1994 downward trend at annual scale was probably a combined result of both decreasing rain-generated and snowmelt runoff. The streamflows in June, August and September, when runoff is primarily generated by rainfall, exhibited significant downward trends. Also, the streamflows in April, May, October and November, when runoff is predominantly generated by melting snow, showed significant downward trends too. Overall, since 1994, the streamflow had been decreasing by 0.041 m 3 s -1 per year. This is equivalent to a loss of 1.3 × 10 6 m 3 water resources every year, which will likely increase the challenge in sustaining the animal husbandry and economy of this watershed if such decreasing trend in streamflow continues in the future.
When the entire record for a given time scale was used for trend analysis, the trend (if significant) was determined to start either around 1994 or in another year (Table 2 and Figures 6(a) and 7(a)). This implies that the commonly used trend analysis methods, including the modified and sequential Mann-Kendall test techniques, cannot always differentiate an abrupt change point from trend start year.
Alternatively, the approach proposed by this study and illus- greater after 1994 than before this year ( Figure 5 ). This is also true for daily streamflows (Table 3) . On average, 51%
of the post-1994 days, but only 35% of the pre-1994 days, had a streamflow less than Q min ¼ 0.20 m 3 s -1 . In contrast, the percentage of the days with a streamflow of larger than Q 50 was determined to be much greater before 1994
than after this year regardless of time scale. However, the occurrences of the daily spring streamflows in any magnitudes were roughly the same before and after the abrupt change year.
DISCUSSION
Recently, Wang et al. () found that both annual and summer precipitations in the UBRW (study watershed) had an abrupt increase between 1993 and 1994. As expected, the abrupt change of annual precipitation likely caused the abrupt change of annual streamflow around 1994. However, the abrupt change of summer precipitation did not result in an abrupt increase of summer streamflow, which seems inconsistent with the general hydrologic principles (Viessman & Lewis ) . This may be one of the specific hydrologic characteristics of the Eurasian steppe grassland. In summer, the transpiration demand tends to exponentially increase with precipitation ( Figure 5 ) because of the better growth of steppe grasses (Jiang et al. ) , which in turn can reduce the soil moisture to a level at which soil storage becomes phenomenal. As a result, the abruptly increased precipitation in summer might primarily be used for increased transpiration and soil storage, rather than being converted into runoff.
Albeit, the remediation of soil storage in summer probably elevated the antecedent soil moistures of fall and spring and thus resulted in the abrupt increases of streamflow around 1994 in these two latter seasons.
In addition, as with precipitation (Wang et al. ), streamflow had no trends before 1994 regardless of time scale (Tables 1 and 2 ), whereas both annual and summer streamflow exhibited significant (α ¼ 0.05) downward trends after 1994. This indicates that the study watershed likely has a sophisticated nonlinear precipitation-runoff relationship.
Moreover, because the watershed is nearly pristine and has experienced negligible human activities/developments in the past centuries (Wang et al. ) , it was judged that the detected abrupt changes and significant downward trends can mainly be attributed to natural rather than anthropogenic factors. That is, the changes and trends were probably either a result or an indicator of climate change. Lins & Slack () found that for the nearly pristine watersheds in two US prairie water-resources regions of Missouri and Upper Mississippi, the below-average streamflows tended to occur more frequently with the lapse of year, whereas the above-average streamflows tended to occur less frequently. This is consistent with the finding of extreme occurrences in this study: the chance for a year with a below-mean annual streamflow was greater, but the chance for a day with an above-mean streamflow was smaller, after 1994. As with the UBRW, those two water-resources regions showed a significant decrease trend since 1994 (in particular after 1999). In addition, the occurrence of days with a below-average (i.e. low) streamflow was greater after 1994 than before this year, whereas the occurrence of days with 
